Callitriche cophocarpa Sendtner is a heterophyllous amphibious macrophyte that produces apical rosettes of floating leaves. The importance of air contact for inorganic carbon and N uptake and for growth was investigated. Plants were grown with the floating rosette in contact with air of various humidities (10, 50, and >90% relative humidity) and with the submerged parts i n N-free water at 350 p~ free CO, and the roots in sediment with low or high NH,-N content. Humidity greatly affected the transpiration rate, whereas growth rate and N content were unaffected and were comparable to values measured for fully submerged shoots. Air contact had, how-
content. Humidity greatly affected the transpiration rate, whereas growth rate and N content were unaffected and were comparable to values measured for fully submerged shoots. Air contact had, however, a significant impact on growth when the free CO, concentration i n the water was low. Thus, the growth rate of shoots with air contact was about 3 times faster than the rate of fully submerged shoots when grown at air-equilibrium concentration of dissolved free CO, in the water (16 p~) .
This difference decreased with increased dissolved free CO, concentration in the water, and the two shoot types grew at the same rate when the submerged shoots received >350 p~ free CO,. The quantitative importance of the floating rosette for total carbon uptake declined also with decreased ratio of floating rosette to total shoot weight. It is concluded that floating rosettes can enhance the inorganic carbon uptake of Callifriche. I n contrast, air contact is of minor importance for nutrient transport.
Air and water are very different environments for photosynthesis, and both environments impose advantages and constraints on growth of photosynthesizing organisms (Maberly and Spence, 1989) . Submergence ensures an unlimited water supply and improved nutrient availability for rooted macrophytes by allowing acquisition of nutrients from both sediment and water (Barko et al., 1991) . The lack of transpiration-dependent water flow in submerged macrophytes may, however, limit the transport capacity for nutrients and other solutes and thus restrict the exploitation of these nutrient pools.
Unlike most terrestrial situations, the availability of CO, is usually low in water, because of a low diffusion rate of gases in water and the existence of a well-developed diffusive boundary layer around submerged plant surfaces. A number of submerged macrophytes have physiological and Nordlandsvej 68, DK-8240 Risskov, Denmark biochemical features that may ameliorate the effect of low CO, availability (Spence and Maberly, 1985) . These features include CAM fixation of inorganic carbon in the dark, C,-like photosynthesis that can enhance the affinity for CO,, and the ability to use HCO; (Bowes, 1987) , which is the dominant carbon species in most waters (Wetzel, 1983; Rebsdorf et al., 1991) . Despite this, inorganic carbon limitation of photosynthesis and growth appear to be a common phenomenon among submerged aquatic macrophytes (Madsen and Sand-Jensen, 1987; Madsen and Maberly, 1991; Titus, 1992) .
The availability of light is generally considered to be low in water. However, macrophytes growing near the water surface are exposed to light intensities close to those obtained at the water surface, and light may not generally be limiting to photosynthesis at the uppermost part of the canopy (Madsen and Maberly, 1991) .
Amphibious macrophytes are a group of plants that has the ability to develop both submerged and aerial leaves, allowing them to photosynthesize in both air and water and thereby benefit from both environments. Amphibious macrophytes are common in the intermediate environments between water and land. In Denmark, amphibious species constitute about 25% of the total number of angiosperms growing in freshwater habitats (Sand-Jensen et al., 1992) .
Amphibious plants are divided into two groups based on leaf form. Homophyllous species have aerial and submerged leaves that are morphologically similar and are able to photosynthesize in both air and water. Heterophyllous species, on the other hand, have two distinct leaf forms that often are adapted to either air or water as the environment for photosynthesis (Maberly and Spence, 1989) . The aerial leaves of the latter group are often thick and laminar and have morphological and anatomical similarities to terrestrial plants (Sculthorpe, 1967) . In contrast, the submerged leaves are often thinner (one to three cell layers) and resemble the leaves of obligate submerged species.
The ecological role of aerial leaves is speculative at present, and its importance for inorganic carbon acquisition and growth of amphibious macrophytes is largely unknown. The aerial leaves of both homo-and heterophyl-Plant Physiol. Vol. 107, 1995 lous species differ physiologically from terrestrial plants by having lower CO, affinity and lower photosynthetic capacity (Bowes, 1987) . Aerial leaves photosynthesizing in air, however, are always more efficient than submerged leaves photosynthesizing in water because they have higher net photosynthesis and lower K , ,,(CO,) (Salvucci and Bowes, 1982; Spencer and Bowes, 1985; Maberly and Spence, 1989) . The higher photosynthetic capacity of aerial leaves combined with the more readily available CO, supply in air may indicate that one function of aerial leaves is to overcome the restricted inorganic carbon availability in water. However, high photosynthetic capacity does not necessarily imply that the aerial strategy has evolved in response to carbon stress (Bowes, 1987) . Furthermore, even though carbon assimilation is higher in aerial leaves, it may not lead to substantially higher productivity in amphibious compared to submerged species. The high carbon assimilation may be offset or the quantitative importance reduced by enhanced carbon demands for supportive tissue, restricted growth season for the aerial parts of the plants, or i\ low proportion of aerial to submerged shoot biomass. Alternatively, aerial shoots could be important as support for flowers and seeds or they may be an advantage to plants growing in turbid waters where light may be limiting to photosynthesis. Aerial leaves may also improve nutrient uptake from the sediment by increasing the interna1 water transport through enhanced transpiration. This will enhance not only the acropetal transport of water and solutes but also the mass flow of nutrients in the sediment. The sediment is the main source for P and N for rooted submerged macrophytes (Barko et al., 1991) .
The first of two experiments presented here focused on the role of transpiration water flow in regulating nutrient uptake and growth of amphibious macrophytes. In the second experiment we tested the alternative hypothesis, that the amphibious life form is an adaptation to ameliorate the low carbon availability in water. The possible benefit of aerial contact was tested at different inorganic carbon regimes in the water and at different proportions of aerialto-submerged shoot biomass.
MATERIALS AND METHODS
Callitriche cophocarpa Sendtner is a common heterophyllous amphibious macrophyte that dominates in many Danish streams (Sand-Jensen et al., 19921 , where it forms dense beds in the more slowly flowing sections. It has apical growth, and a rosette of 6 to 10 floating leaves is developed when the shoot reaches the water surface. The floating rosette is the only part of the plant that comes into contact with air. In contrast to many other heterophyllous amphiphytes, the submerged and aerial leaves of Callitriche are morphologically quite similar; both types are laminar and about 1 cm long and 2 to 3 mm broad. The leaves are opposite, and the leaf pairs below the rosette are evenly distributed along the stem. The internodal length is about 1 cm. Both leaf types are unable to use HCO, or other accessory carbon uptake systems in photosynthesis and appear to rely on C, photosynthesis and diffusive rather than active uptake of CO, (Madsen, 1991).
Fully submerged shoots without floating rosettes and shoots with well-developed rosettes were collec :ed during the summer in a small, slowly flowing stream in Central Jutland, Denrnark. The shoots were used witliin 2 d of collection. The plants were incubated in 15-L Perspex aquaria placed in a temperature-controlled gro wth chamber at 15°C (LlOC) with a quantum irradiance of 300 pmol photon m-'s-l (400-700 nm) from fluorescent tubes in a 16-h light/8-h dark cycle. The plants were grown in media modified from that described by Smart and Barko (1985) by varying the amount of KHCO, and NaHCO, added to reach the desired concentration of DIC. The medium was continuously aerated to ensure mixing and to keep free CO, ([CO,] plus [H,CO,] ) at the chosen concentration. Different free CO, concentrations were obtained by bubbling with atmospheric air containing various concentrations of CO,. CO, was supplied from pressurizeti tanks and bled into the airstream using precision flow meters or gas mixers.
The shoots were either fixed to nylon mesh niounted on a Perspex frame or planted in small pots (125 cni3) containing sediment (planting depth about 2 cm). The shoots were kept either fully submerged or with the rosettes floating on the water surface. To reduce exchange between water and air the water surface was covered by a diffusio I barrier of polyethylene film with holes cut for the floatiiig rosettes. The floating rosettes were covered by open-top chambers (5 cm in diameter, 5 cm in height), continuously flushed (10 mL min-') with atmospheric air supplied frolrl a pressurized tank (350 ppm of CO,) or with air stripped of CO, through a soda-lime column. The RH of the air was modified by passing the air through a drying columri filled with CaCl, (giving about 10% RH), through disti1lt.d water at 25°C (giving 90-100% RH), or through a water vapor generator (ADC WP-600), which supplied air with various RHs. Two experimental series were conducted using this setup. The first was used to address the importance of air contact for nutrient uptake and the second coricerned the importance of inorganic carbon uptake and growth.
Effect of Transpiration on Crowth and Nutrient Uptake
Shoots (5-7 cm long) with floating rosettes were planted in unenriched or N-enriched (NH,Cl) sediment from the collection locality and incubated in N-free water at 350 p~ free CO, and 1.3 mM DIC. A layer of coarse sand was placed on top of the sediment to reduce exchange with the overlying water. The NH,-N concentration of the interstitia1 water varied from 0.02 2 0.004 mM NH,-N (mean 2 SD, n = 5) in the unenriched to 1.8 2 0.1 mM NH,-N in the enriched sediment.
The shoots were preincubated for 2 to 4 d with the rosettes in air at an RH of about 80% to initiate root growth. The plants were then placed in the experimental setup for 10 to 12 d either fully submerged or with the rosettes exposed to air at 350 ppm of CO, and three different RHs: low (5-10%), intermediate (about 500/,), and 11igh (about Transpiration was measured for plants incubated at 15OC in a temperature-controlled leaf-chamber (ADC-LSC-2) us-90-100%). ing an IR water vapor analyzer (ADC-225-MK3, ADC, Hoddesdon, England). Quantum irradiance was provided at 300 pmol photon m-'s-' by a metal halide lamp (50 W, 12 V). During measurements only the floating rosette and the uppermost part of the stem were in the chamber. The remaining part of the shoot was kept submerged.
Effects of Air Contact on Growth
First, growth of shoots with and without air contact was compared. Fully submerged shoots and shoots with floating leaf rosettes were fixed to nylon mesh and incubated in medium supplemented with NH,N03 and K,PO, to a final concentration of 300 p~ NH,-N, 300 p~ NO,-N, and 60 p~ P0,-P. Micronutrients were provided by adding a commer- To evaluate the importance of air contact for growth of shoots with different floating rosette to total shoot weight ratios, shoots of various initial lengths were grown for 10 to 12 d with the floating rosettes in air at O or 350 ppm of CO, and 80% RH and the submerged part in media with 30 or 150 p~ free CO, at an alkalinity of 1 meq L-' (N, P, and micronutrients as above).
Data Analysis and Chemical Measurements
The RGR rate of the plants was calculated as the increase in organic carbon weight over time. The experimental shoots were weighed initially and the dry weight:fresh weight ratio and organic carbon content were determined on 15 shoots similar to the experimental material. After the incubation period the experimental shoots were harvested, and dry weight and organic carbon content were determined. The RGR was calculated as: RGR = (ln W, -ln W,) X t-', where W, and W, represent the final and initial organic carbon weight of the shoots, respectively, and t is the incubation time in days. In the experiments testing effects of transpiration on growth, the accumulation of biomass during preincubation was about 5 to 10% of total biomass accumulation.
Projected leaf area was measured with a leaf area meter and converted to leaf surface area by multiplying by 2. Fresh weight was determined on blotted shoots, and dry weight was determined on freeze-dried material. Organic N content of the shoots was determined by Kjeldahl digestion. The NH,-N content of the sediment was measured on interstitial water forced out by centrifugation and determined using standard methods.
RESULTS

Effects of Transpiration on Growth and Nutrient Uptake
The sediment concentration of NH,-N had a pronounced effect on tissue N content and RGR of Cullitriche, whereas the RH in the air surrounding the floating rosette had no significant effects on growth (Table I, Table I ). The root:shoot weight ratio was constant among treatments (overall average 0.09 ? 0.04). The insignificant effect of the RH on growth and nutrient uptake was not a result of invariable transpiration rates among treatments. On the contrary, the transpiration rate, measured at growth RH, was about 3 times higher for plants growing at 10% RH compared to plants growing at >90% RH (Table 11 ). The growth rates of fully submerged shoots grown at 350 p~ free CO, and low and high N concentrations in the sediment were not significantly different (P < 0.05) from the growth rates obtained for plants with air contact (Table I ). The shoots were grown at 350 p~ free CO, to eliminate interference from different inorganic carbon availability in air and water. At 350 p~ free CO, nutrient-repleted shoots with and without air contact grew at similar rates (see below).
Growth at Air-Equilibrium Concentration of Free CO,
Shoots with air contact (350 ppm of CO,, 80% RH, and a floating rosette to total shoot weight ratio of 1:2) grew about 3 times faster than shoots fully submerged in water at 16 p~ free CO, (air-equilibrium concentration). The average growth rate for shoots with air contact was 0.073 ? 0.008 d-' (mean 5 SD), and it was 0.023 C 0.004 d-' for fully submerged shoots. The growth rates of both shoot types were independent of the concentration of DIC in the water, which was varied from 0.25 to 5 mM at air-equilibrium free CO,. This indicates that CO, is the only carbon source accessible to Cullitriche. (21) 2964 (1 12) www. Crowth at Elevated Free CO,
The growth rate of fully submerged shoots exposed to various concentrations of dissolved free CO, in the water increased from 0.03 d-' at 16 ~L M free CO, (air equilibrium) to 0.17 d-' at 1000 ~L M free CO, (Fig. 1 ). For shoots with air contact (350 ppm of CO,, 80% RH, and a floating rosette to total shoot weight ratio of 1:2) growth increased from 0.09 d-' at 16 p~ free CO, to 0.16 d-' at 1000 p~ free CO, in the water. Above 350 p~ free CO, the growth rates of the two shoot types were similar, suggesting that air contact may be of minor importance at high free CO,.
To further quantify the importance of air contact for growth, shoots with air contact were grown at a range of free CO, concentrations (16-1000 p~) in water and a floating rosette to total shoot weight ratio of 1:2. The shoots were grown with the rosettes in either atmospheric air (350 ppm of CO,) or C0,-stripped air (both at 80% RH). The difference between the growth rates obtained after the two treatments represented growth resulting from uptake of atmospheric CO,. This difference and thus the contribution of atmospheric CO, uptake to total carbon uptake of the shoots declined with increased concentration of free CO, in water (Fig. 2) . At 16 p~ free CO, acquisition of CO, from the water alone was insufficient to balance respiration, whereas atmospheric CO, uptake sustained a net growth rate of 0.095 d-'. In contrast, at 1000 p~ free CC,, access to the atmospheric CO, pool enhanced growth by only 0.02 d-'. Accordingly, the contribution of atmogheric CO, uptake to shoot growth was reduced from 100% at 16 p~ free CO, to 1'1% at 1000 p~ free CO,.
Effects of Biomass Distribution on Growth
Effects of biomass distribution were tested kly growing shoots with various floating rosette to total shoot weight ratios (from 1:2 to 1:50) at either 30 or 150 p~ dissolved free CO,. The shoots were again grown with the floaiing rosette in contact with either atmospheric air or air stripped of CO,. The contribution of the floating rosettes to growth was estimated as the difference in growth between plants with access to atmospheric air and to C0,-stripped air and expressed relative to the growth of shoots with access to atmospheric air (Fig. 3) . At 30 p~ free CO, the rosette contribution declined from about 95% at a floa ting rosette to total shoot weight ratio of 1:2 to 30% at a ratio of 1:50. At 150 p~ free ( 3 0 , the rosette contribution declir.ed from 70 to 4% with reduced weight ratio.
DISCUSSION
A 3-fold variation in transpiration had no effwt on the N content and growth rate of Callitriche when grown in Nfree water with the floating rosette in air at various humidities and the roots in sediment with either low or high N content. Nor were there significant differences in N content and growth between shoots with floating rosettes and fully submerged shoots when grown at 350 p~ free CO, in the water (Table I ). This suggests that the ability to develop aerial leaves is of minor importance as a strategy for improving nutrient uptake from the sediment. Independence of transpiration and nutrient uptake could result from (a) nutrient uptake being limited by the assimilation rate of the roots or (b) the water flow created by a nontranspiration mechanism (guttation and Münch counterflow) being sufficient to supply the meristem with necessary nutrients. The assimilation rate of N may have been limiting at the low sediment N concentration applied. At the high sediment N concentrations, however, the organic N content of the shoots was high, about 4.3% of dry weight in both submerged shoots and shoots with floating rosettes. This was more than 3 times the critica1 concentration suggested by Gerloff and Krombholz (1966) , and it is indicative of N-saturated growth. This suggests that acropetal nutrient transport resulting from nontranspiration mechanisms (Pedersen and Sand-Jensen, 1993) was sufficient to cover the needs in Callitriche.
Although of little importance for nutrient uptake, our results provide evidence that growth of amphibious aquatic macrophytes is stimulated by air contact. Plants with access to the atmosphere grew more than 3 times faster than fully submerged plants when grown at airequilibrium concentrations of free CO, in water. The growth of fully submerged plants was limited by inorganic carbon (Fig. 1 ) and the nutrient uptake was independent of air contact. This suggests that the stimulation of growth by air contact is an effect of the higher CO, availability in air compared to water. As would be expected for plants unable to use HCO, or COg-in photosynthesis, no stimulation of growth was found at enhanced DIC concentrations in water (at air-equilibrium concentration of free CO,). This result supports previous findings that photosynthetic carbon assimilation in Callitriche is dependent on CO, use alone (Madsen, 1991). Guia (1987) concluded from seasonal changes in SI3 of Stratiotes aloides that the plants were carbon limited during the early part of their life cycle when they were submerged, a constraint that was relieved when the plants grew above water in the later emergent stage of development. Inorganic carbon constraints on photosynthesis and growth have also been observed for obligate submerged stream and lake macrophytes (Madsen and Sand-Jensen, 1987; Madsen and Maberly, 1991) .
At air-equilibrium concentrations of free CO, and 1.3 mM DIC the growth rate of fully submerged ~hoots of Callitriche was substantially lower than rates reported for obligate submerged macrophytes grown under comparable conditions (Madsen and Sand-Jensen, 1987; Vadstrup, 1992; Madsen, 1991) but resemble rates of other amphibious species (T.V. Madsen, unpublished results). Therefore, in habitats low in free CO,, successful competition of Callitriche with obligate submerged species can only be expected if it has access to the atmosphere for a substantial part of the growth season. The slow growth of submerged Callitriche may also explain its sparse distribution in lakes where free CO, concentrations are often low (Wetzel, 1983) . The slow growth may allow establishment and survival, provided the competition from obligate submerged species is low. The plants may, however, never accumulate sufficient biomass to reach the water surface and thereby benefit from aerial contact.
Most amphibious aquatic macrophytes, both homophyllous and heterophyllous, are restricted to CO, use alone, whereas most obligate submerged macrophytes have the ability to use HCO, in photosynthesis (Spence and Maberly, 1985) . The access to this additional carbon pool explains the higher growth rates of obligate submerged compared to amphibious macrophytes at low free CO,. The ability to use HCO, in photosynthesis is probably an advanced adaptation to the submerged life form. ln that context, amphibious species seem less adapted to submerged life. The inability to use HCO; or other accessory carbon uptake systems could, however, be a tradeoff associated with the ability to develop aerial leaves.
The relief of inorganic carbon limitation to growth of Callitriche by air contact was gradually reduced as the free CO, concentration of the water increased, and above 350 WM free CO, in the water fully submerged shoots and shoots with aerial contact grew at the same rate. The mean free CO, concentration of Danish streams is about 135 /LM (about 8 times the atmospheric equilibrium concentration), and concentrations as high as 400 ~L M free CO, have been reported (Rebsdorf et al., 1991; Sand-Jensen et al., 1992) . At 135 p~ free CO, the growth rate for fully submerged Callitriche was 0.08 d-' (Fig. l) , which is comparable to rates reported for obligate submerged macrophytes in Danish streams (N~rgaard, 1989 
